Abstract
Introduction
Perforin is a glycoprotein responsible for pore formation in cell membranes of target cells. The note about the structure and function of human perforin was published in 1988 [1] . Its structure and mechanism of action was once again described in detail in a paper published in 2010 by researchers from the Monash University [2] . Such articles as these complemented the work of a Nobel prize winner -Jules Bordet, who 110 years ago published the first hypothesis on pore formation in target cells as a part of immune response.
Natural killer (NK) cells and CD8-positive T-cells are the main source of perforin [3] . However, CD4-positive T-cells are also able to express a low amount of perforin, when classic cytotoxicity is ineffective or disturbed [4] .
Many research groups focus on the role of perforin in various diseases. Much attention is paid to their role in immune response to bacterial and viral infections, immune surveillance and immunopathology [5] . In addition, perforin is involved in the pathogenesis of autoimmune diseases and allogeneic transplant rejection [6] .
Structure of perforin
Perforin is a 60-70-kDa glycoprotein [1, 7] . The National Protein Database indicates it has 555 amino acids, which should give it about 70 kDa. Single perforin molecule consists of four domains, including two (N-terminal and C-terminal) typical for perforin and related to its biological functions. The other two domains, which are located in the center of the molecule, are 20%-homologous to analogous domains in complement molecules (C6, C7, C8 and C9). One of the homologous domains contains a sequence allowing formation of two β-sheets and one α-helix structures. It is a hydrophobic domain able to incorporate into the lipid membrane of the target cell. In addition, a perforin molecule contains a cysteine-rich domain homologous to low density lipoprotein (LDL) receptor type B and epithelial growth factor (EGF) precursor. N-terminal domain of perforin contains Ca 2+ ions binding site that is related to its biological function [2, 8] .
The pores formed by perforin in the target cell are 5-20 nm in diameter [9] . A 14-nm channel is formed by approximately 20 perforin molecules; however, it was shown that Iwona Osińska et al. even 3-4 perforin molecules are able to form an efficient pore ( Fig. 1) [8] . Polymerized perforin molecules form cylindrical, hydrophobic channels enabling free, non-selective, passive transport of ions, water, small-molecule substances and enzymes. In consequence, the channels disrupt protective barrier of cell membrane and destroy integrity of the target cell [9] .
Perforin -mechanism of action
Perforin is able to polymerize and form a channel in the target cell membrane. Perforin polymerization and pore formation require Ca 2+ ions [7] . They are responsible for transformation of the inactive, globular form to active perforin able to incorporate into cell membrane (Fig. 1) . Both incorporation and polymerization processes depend on various factors including temperature, phosphatidylserine content, platelet-activating factor (PAF) as well as activation of membrane receptors [2, 8] .
Calreticulin is an important enzyme of cytolytic granules that serves as a chaperone protein for perforin protecting it from activation and degradation by keeping it in the glomerular form. It binds Ca 2+ ions and inhibits spontaneous perforin polymerization inside the granules (Fig. 1) [10] .
Perforin binds target cells through membrane phospholipids. Phosphatidylcholine is able to bind Ca 2+ ions and increases perforin affinity to target cell membrane [8] .
Pores formed by perforin disrupt cell membrane and allow free influx and efflux of ions and polypeptides. As a result, mineral homeostasis is disturbed and tonic shock develops. Indirectly, it induces activation of pro-apoptotic pathways and DNA degradation leading to cell death [2, 8] . Calcium ions might be also responsible for inhibition of perforin polymerization and are able to block transmembrane channels. Such phenomenon is observed in low pH and increased concentration of calcium ions. Other factors inhibiting perforin functions include the activity of protein S. Protein S is a glycoprotein inhibiting lytic activity of complement components (membrane attacking complex). Due to the structural homology between perforin and C9 complement component, protein S is able to inhibit perforin functions. Protein S competitively binds to the perforin binding site on the target cell and therefore inhibits pore formation [11, 12] .
Natural killer and CD8 cells as a source of perforin
Perforin plays an important role in cytotoxic activity of NK and cytotoxic CD8 T cells [3] . Both NK and CD8 cells use the same mechanisms to destroy target cells; however, activation pathways differ. Natural killer cells, contrary to 
Fig. 1. Formation of channel in a target cell membrane (according to [8, 9] -modified)
Perforin: an important player in immune response CD8 cells, exhibit spontaneous cytotoxicity towards target cells, which is dependent on perforin and granzyme B release [2] . The first step of the cytotoxic process is target cell recognition that can be specific (in the case of T CD8+ cells) and unspecific (in the case of NK cells). Unlike T cells, NK cells do not recognize MHC-bound antigens. The next step is formation of lytic synapse between the effector and target cell. The contact between these cells leads to the changes in the effector cell ultrastructure. Cell organelles (such as microtubules, Golgi apparatus and cytolytic granules) are translocated towards the synapse. The released granules contain perforin and granzymes B that are involved in cytotoxic reaction in target cells (Fig. 2) [8, 13] .
Natural killer and cytotoxic T cells are resistant to the activity of other cytotoxic NK cells. Inhibition of pore formation in these cells is most probably related to reduced binding of perforin to the surface of their cell membrane [14, 15] .
The best sensitive method of intracellular perforin detection is flow cytometry. Using the surface markers that identify specific cell populations, flow cytometry makes it possible to indentify expression of perforin on such cells at the same time. Other methods of detection of human perforin are ELISA, ELISpot and immunohistochemistry [16] .
Abnormal production or abnormal activity of perforin
An important role of perforin in the immune system function was confirmed unequivocally in a mice model. Perforin knock-out mice had an abnormal function of the immune system or developed autoimmune diseases and lymphomas [8] .
Perforin released from cytolytic granule binds to target cell membrane and form a pore leading to activation of cell cytotoxicity. Abnormal binding of perforin to the surface of the target cell is responsible for resistance to cytotoxic activity of effector cells (NK and CD8). Target cells show various escape mechanisms protecting against perforin activity. Cytotoxic effect can be also completely inhibited by anti-perforin antibodies [17] .
The following diseases are characterized by the defect in production or activity of perforin: hemophagocytic lym- 
Hemophagocytic lymphohistiocytosis
Hemophagocytic lymphohistiocytosis (HLH) is a disorder characterized by severe abnormalities related to uncontrollable hyperactivation of the immune system. There are two major types of HLH: primary, recessive autosomal disorder (familial hemophagocytic lymphohistiocytosis -FLH) and secondary HLH observed in the course of various diseases, e.g. viral infection, autoimmune diseases, cancer or after chemotherapy. In physiological conditions, Th1-mediated immune response leads to activation of macrophages and simultaneous activation of cytotoxic T lymphocytes and NK cells that are responsible for silencing the excessive immune response (Fig. 3A) . The immune response in the course of HLH is not inhibited, which results in the release of excessive amounts of pro-inflammatory cytokines [tumor necrosis factor (TNF), interleukina (IL)-1, IL-6, interferon γ (IFN-γ) ]. In consequence, potentially fatal metabolic abnormalities, organ failure and cytopenia 
INF-γ tnF -tumor necrosis factor, mIB1-α -mindbomb homolog 1 (gene), InF-γ -interferon γ, nk -natural killer, HlH -hemophagocytic lymphohistiocytosis
Perforin: an important player in immune response are observed (Fig. 3B) [18] . A typical clinical manifestation of HLH involves fever, hepatomegaly, splenomegaly and pancytopenia. Familial HLH usually manifests during the first months of life [3, 19] .
Familial HLH might be caused by characteristic perforin gene mutations [19, 20] . It proves that genetic defects leading to perforin deficiency may be a significant cause of HLH development. Because of that, the expression of perforin in CD16+/CD56+ NK cells was included in the diagnostic panel of HLH.
Leukemias and lymphomas
Perforin mutation leading to a complete deficiency of the protein is the cause of HLH. However, a partial deficiency in perforin production might be the cause of increased susceptibility to hematological malignancies (leukemias and lymphomas). A detailed analysis of patients with PRF1 mutations, with delayed symptoms typical of HLH, showed that half of the studied patients developed primary hematological malignancy [3] .
Cytometric analyses revealed that abnormal binding of perforin to the target cell (neoplastic cell) is a major mechanism of resistance to perforin [17] . Mutation in both alleles of the perforin gene might be a cause of uncontrolled lymphoproliferation [21] . The studies performed in a model of perforin-deficient mice showed that these animals are significantly more susceptible to neoplastic diseases than those with normal perforin content. It confirms a significant role of perforin-dependent cytotoxic mechanisms in anti-tumor response [22, 23] . The role of perforin and granzymes B in inhibition of tumor growth and disease progression suggests that this mechanism may become a therapeutical target in the future [24] .
Infectious diseases
Anti-viral activity of NK cells and cytotoxic T lymphocytes is based on the recognition and lysis of the target cell. It was shown that perforin-dependent cytotoxicity is an important element of response to acute infection of noncytopathic viruses, such as Lymphocytic Choriomeningitis Virus (LCMV). In the case of perforin deficiency, high titers of virus activate CTLs that are unable to eliminate the infection. In addition, constant production of proinflammatory cytokines is observed. This phenomenon was not observed for cytopathic viruses, such as Vaccinia virus (VACV) or Vesicular stomatitis virus (VSV). Infection caused by these viruses is controlled with other cytotoxic mechanisms [5] . The only exception is the response to Ebola virus infection, that is significantly dependent on perforin [25] .
A key role of perforin was observed in Epstein-Barr virus (EBV) infections. In the acute and chronic course of mononucleosis, some patients exerted a decreased expression of perforin caused by mutation in both alleles of the perforin gene. The genetic defect may also lead to abnormalities in perforin structure and inhibition of perforin activation disabling the molecule from binding to target cell membrane [21] .
Intracellular bacterial infections, including listeria monocytogenes and mycobacterium tuberculosis, are controlled by several effector mechanisms. Therefore, infection can be still controlled even in the case of perforin deficiency. However, in such cases the response is delayed, which proves an important role of perforin in response to primary infection with intracellular bacteria [5] .
Autoimmune diseases
The role of perforin is demonstrated also in the pathogenesis of autoimmune diseases. The expression of perforin was studied in a group of children with Hashimoto's disease and in a group of healthy children by the flow cytometry method (our unpublished observations). The lower expression of perforin in CD8+ and NK populations was found in children with Hashimoto's disease in comparison to the control population (p = 0.01 and p = 0.004, respectively). There was also a significant correlation between perforin expression in CD8+ lymphocytes and in NK cells in the study population. Our results confirm the role of perforin in the pathogenesis of autoimmune Hashimoto's thyroiditis. However, a limited number of patients involved in the study requires further research. Partial compliance with the our research was shown by Wu and colleagues [26] . They focused on the role of perforin in autoimmune thyroid diseases and studied the expression of perforin in lymphocytes infiltrating the thyroid gland in patients with Graves' disease and Hashimoto's disease patients and at the same time analysed the phenotype of cells containing perforin. In this study, the highest count of infiltrating T cells, which showed only a small part of activation properties was found in the thyroid. The predominant population was CD8 subpopulation with the expression of perforin, while the CD4 cells with expression of perforin were found only in patients with autoimmune Hashimoto's thyroiditis.
Another autoimmune disease with a likely role of perforin is systemic lupus erythematosus (SLE). Park and co-workers showed that in SLE, similarly to patients with Hashimoto's disease, the cytotoxicity is reduced, reported to affect the secretion of perforin and granzymes [27] . However, researchers have shown that in SLE, there is a decrease in the number of NK cells, which are responsible for the cytotoxicity. In contrast to our observations, where there was no decrease in the number of NK cells, authors did not find any difference in the number of CD8 and CD4 cells. Thus, it can be hypothesized that the malfunction or reduced expression of perforin in these cells is responsible for cytotoxicity disorders, not the decrease in the number of cells.
However, the reduced expression of perforin in CD8 and NK cells is not confirmed in other diseases of auto-immune origin. In type 1 diabetes, the perforin expression is excessive in contrast to patients with Hashimoto's disease or SLE. Studies performed using a mice model of the disease confirmed the role of cytotoxic T cells in the destruction of pancreatic β cells [28] . Pancreatic β cells may be destroyed in perforin/granzyme B-dependent pathway, Fas/FasL-dependent pathway as well as in a consequence of proinflammatory cytokines release (interferon, interleukins). It was shown that more than one cytotoxic mechanism is involved in β cells destruction. If one of the mechanisms is blocked, the other replaces it. In addition, the main pathway responsible for β cells destruction in the course of type 1 diabetes is related to perforin release by CD8 cells. In the case of perforin deficiency, this pathway is replaced by Fas/FasL pathway activation (Fig. 4) .
Conclusions
The results of many studies confirm the important role of perforin in the pathogenesis of different diseases such as HLH, leukemias and lymphomas, infectious as well as autoimmune diseases. The structure of perforin and its function were widely evaluated. The methods of identification of such molecule are available. Recently the practical use of the results of these studies with possible treatment implication needs further studies.
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